As a result of naturally occurring arsenic in groundwater, it is estimated that 42-60 million people in Bangladesh are exposed to arsenic at concentrations greater than the World Health Organization (WHO) guideline of 10 μg/L. Arsenic-Iron Removal Plants (AIRPs) are capable of removing 50-90% of arsenic from groundwater, but are frequently unable to meet the WHO guideline. The effectiveness of three design modifications intended to improve the performance of AIRPs is described: (1) the addition of scrap or locally available iron to the filtration media, (2) raising the intake pipe that connects the two tanks of the AIRP, and (3) introducing baffles to the aeration tank. Total arsenic, iron, phosphate, and dissolved oxygen were measured to determine the impact of each modification.
INTRODUCTION
Bangladesh has been plagued with a number of challenges to providing safe drinking water. At the time of its independence in 1971, the majority of the country relied on manmade ponds for drinking water. Poor management of community ponds led to the deterioration of surface water quality and to high levels of microbial contamination (Kränzlin ). In an effort to reduce the large number of cholera outbreaks, shallow tubewells were installed across the country in the late 1970s by international organizations and the Government of Bangladesh. However, the first cases of arsenicosis, or arsenic poisoning, were diagnosed in the country by 2000; groundwater was identified as the source (Sambu & Wilson ) . Today, it is estimated that 42-60 million people in Bangladesh consume drinking water that has arsenic concentrations greater than the World Health Organization (WHO) guideline of 10 μg/L (Caldwell et al. ; Sambu & Wilson ) . Chronic exposure to arsenic can lead to lesions and abnormalities on the skin, vascular diseases, and eventually cancer (Saha et al. ) .
In response to the discovery of arsenic in groundwater, several prominent arsenic-removal technologies were developed for rural and decentralized use. Of these, the Arsenic-Iron Removal Plant (AIRP) has been particularly popular and well received, and is now used extensively in many districts of Bangladesh. AIRPs are simple treatment units consisting of two cement tanks that utilize the principles of oxidation and co-precipitation of iron to remove arsenic ( Figure 1 ). Groundwater moves up through a hand pump from a tube-well and over a perforated plate, called an aeration tray, and down into the first cement tank, called the aeration tank. Ferrous iron, naturally present in the groundwater of Bangladesh, is oxidized by the introduction of co-precipitation. Equation (2) shows how co-precipitation occurs for arsenate (As(V)). Water then moves through a connecting pipe into the upward-flowing filtration tank.
The elevation head in the aeration tank creates upward flow through the filtration tank, where a filter composed of brick, charcoal and coarse sand, functions to remove the co-precipitated flocs. The treated water is then accessed by the effluent tap Ultimately, the success of any design modification depends on its social acceptance, which in turn may be based on factors such as ease of use, construction costs, and longevity. This study identified and evaluated the performance of three such potential design modifications that utilize locally available materials of low cost.
MATERIALS AND METHODS
All AIRPs tested and retrofitted were located in the village of Mohadevpur, approximately 75 km from Dhaka ( Figure 2 ). Table 1 shows the average water quality parameters of untreated groundwater in the study region. The average arsenic removal efficiency of the unmodified AIRPs in the village was 79.8% (Sorensen ) .
In this study, all AIRPs were household units, and were originally installed by the NGO, SPACE (Figure 3 
Use of scrap iron
The first retrofit examined the addition of local or scrap iron to the filter media ( Figure 3(b) ). Although groundwater in Bangladesh is typically high in dissolved iron, this may be insufficient for arsenic removal when competing ions are present. Supplementing iron increases the number of adsorption sites for arsenic during co-precipitation. In addition, if the iron is present as a ferrous form, it may oxidize arsenic concurrently to its own oxidation. As some studies suggest that As(V) is more readily adsorbed to iron-oxides at circumneutral pH, the oxidation of As(III) may contribute to increased efficiency of the AIRP (Hug & Leupin ) . 
Raised intake pipe between tanks
The second retrofit examined the effect of raising the pipe inlet connecting the aeration tank to the filtration tank The raised pipe retrofit was achieved by placing two PVC elbow pipes, connected in a 'Z' shape, to the pipe between the two tanks ( Figure 3(c) ). This effectively raised the connecting pipe inlet by 7-12 cm from the bottom of the aeration tank.
Two AIRPs were retrofitted with a raised pipe; these AIRPs are referred to as AIRP #3 and AIRP #4.
Baffles to transform the aeration tank to a plug-flow system
The third retrofit evaluated the effect of introducing baffles into the aeration tank ( Figure 3(d) ). This modification was intended to change the aeration tank from a system resem- of the increased volume, the residence time was also increased with the retrofit. One AIRP was retrofitted with baffles; this AIRP is referred to as AIRP #5.
All AIRPs included in this assessment were reportedly used with regularity by the residents and each aeration tank was generally replenished once a day. For this reason, it was assumed that one day was equivalent to a McBean a), it was necessary to evaluate the retrofits over time (Figure 4) . Changes in arsenic removal efficiency were obtained by calculating the difference in arsenic removal efficiency at comparable times (within one day) in the cleaning cycle pre-and post-installation of the retrofits.
RESULTS AND DISCUSSION
Addition of iron media Although the iron media has greater longevity than some other types of media used in arsenic removal technologies, it will nonetheless need to be replenished at some point when degradation has occurred. Studies of the Kanchan filter found that rusting nails continued to provide arsenic removal for up to three years (Ngai et al. ) .
The lifetime of the iron media utilized in this study is not known, but it is assumed to be similar. Similarly, it is not known how the arsenic removal capabilities of the iron media will change over time as a result of saturation of adsorption sites.
Raised pipe retrofit
The trends for pre-and post-installation of the raised pipe retrofit are shown in Figure 7 . Influent arsenic concentrations for AIRP #3 and AIRP #4 were 111 and 108 μg/L, respectively. The peak at day 3 for AIRP #4 prior to the installation of the retrofit is explained by the owner of the AIRP replacing all filter media at the time of cleaning just before testing. At approximately 13 days after cleaning, AIRP #3 showed an increase in arsenic removal from 80% While an increase in arsenic removal was observed, a decrease in phosphate removal of 3% was also noted in both AIRPs (at days 6 and 13). Brennan & McBean (a) similarly noted a decrease in phosphate removal of 19% after the installation of the raised pipe retrofit. Iron removal was increased in one AIRP, while decreased in another AIRP. In this study, the reasons for this are not easily explained. It may be that oxidation of arsenite (As (III)) has occurred to a greater extent, allowing increased arsenic removal despite reduced phosphate removal. Arsenate (As(V)) is better able to compete for adsorption sites with phosphate than is its reduced form, arsenite (Stollenwerk ; Leupin & Hug ) . As a result, less phosphate would be removed. This possibility requires further study.
An interesting observation of the raised pipe retrofit is an increase in DO content in the aeration tank of both AIRPs post-installation (Figure 8 ). Since no change to the aeration tray occurred in either retrofitted AIRP, the increase in DO must reflect a decrease in oxygen consumption occurring post-installation of the raised pipe. This indicates that an oxidizing environment is more likely to be maintained in the presence of the raised pipe retrofit.
There are two possible explanations for this phenomenon:
(1) influent iron is oxidized to a lesser extent, causing higher oxygen levels to be observed, or (2) oxygen consuming materials in the groundwater, such as natural organic matter, are isolated below the pipe, causing overall higher 
Addition of baffles
The baffles were installed in an AIRP that continued to show poor performance following the installation of a raised pipe retrofit performed in another study (Brennan & McBean a) . Influent arsenic concentrations of AIRP #5 were 104 μg/L. No change in arsenic removal was observed from pre-to post-installation of the baffles. At 12 days following cleaning, 69% arsenic removal was observed both with and without the baffles (Figure 9 ). In contrast, iron removal was improved with the addition of the baffles.
Pre-and post-installation values of iron removal were found to be 97% and >99%, respectively, at day 12 in the cleaning cycle. have contributed to decreased DO measures; however, this effect is expected to be minimal since both the retrofitted and original AIRP contained ventilation holes on the side of the aeration tank.
In this respect, the baffle retrofit failed to improve arsenic removal for two reasons. First, despite preventing short-circuiting, the decreased mixing appears to be detrimental to the function of the AIRP. Figure 10 shows that although iron is rapidly removed within the first baffle, Alternatively, multiple additions of iron-rich water may be simulated by the introduction of iron media to a stage later in the flow path. This may be in the second baffle, or in the filter media. However, because the baffles also showed low DO, the potential of the iron media would only be realized if an additional aeration source were provided.
Although the baffle retrofit did not improve the arsenic removal capabilities of the AIRP, the raised pipe and iron media retrofit could be combined in a single AIRP to increase arsenic removal efficiency by 11%. This value was calculated by adding the average increase in efficiency from the iron media retrofit to the average increase from the raised pipe retrofit. Because existing AIRPs in the village of Mohadevpur have an average arsenic removal efficiency of 79.8%, the current body burden is proportional to 20% of the arsenic in groundwater. As a result, an increase in arsenic removal efficiency by 11% is expected to reduce the lifetime body burden by one half.
This study has shown that effective AIRP retrofits may be constructed from local and inexpensive materials. Moreover, it has provided direction for future research in retrofitting and adapting AIRPs. Future studies are required to address the impact that seasonal changes in groundwater may have on the efficiency and longevity of the retrofits examined. In addition, future research may examine the effect of altering the filter materials, or modifying the baffle retrofit to include iron media. The impact of retrofits on arsenic speciation, and thereby arsenic removal, also warrants further study.
CONCLUSIONS
This study evaluated three retrofits that required only the use of locally available, inexpensive, materials. The addition of iron media to the AIRPs showed improvement of arsenic removal up to 13%. This retrofit is relatively low cost and shows promise for providing a simple means of improving removal of arsenic in AIRPs. The raised pipe retrofit showed increased arsenic removal of 3% coupled with decreased phosphate removal. The increase in DO in the aeration tank post-installation of the raised pipe confirms that the chemical processes within the AIRP have been affected.
The installation of baffles within an AIRP prevented short-circuiting in the aeration tank and increased residence time. While these factors improved the removal of iron, no impact was observed on arsenic removal. This is likely because the baffles decreased mixing, causing decreased contact between dissolved arsenic and iron-oxide flocs.
While this retrofit did not show an improvement in AIRP performance, it demonstrated the importance of mixing to improve arsenic removal.
